Strigolactones are a new class of phytohormones synthesized from carotenoids via carlactone. The complex structure of carlactone is not easily deducible from its precursor, a cis-configured b-carotene cleavage product, and is thus formed via a poorly understood series of reactions and molecular rearrangements, all catalyzed by only one enzyme, the carotenoid cleavage dioxygenase 8 (CCD8). Moreover, the reactions leading to carlactone are expected to form a second, yet unidentified product. In this study, we used 13 C and 18 O-labeling to shed light on the reactions catalyzed by CCD8. The characterization of the resulting carlactone by LC-MS and NMR, and the identification of the assumed, less accessible second product allowed us to formulate a minimal reaction mechanism for carlactone generation.
Strigolactones are a new class of phytohormones synthesized from carotenoids via carlactone. The complex structure of carlactone is not easily deducible from its precursor, a cis-configured b-carotene cleavage product, and is thus formed via a poorly understood series of reactions and molecular rearrangements, all catalyzed by only one enzyme, the carotenoid cleavage dioxygenase 8 (CCD8). Moreover, the reactions leading to carlactone are expected to form a second, yet unidentified product. In this study, we used 13 C and 18 O-labeling to shed light on the reactions catalyzed by CCD8. The characterization of the resulting carlactone by LC-MS and NMR, and the identification of the assumed, less accessible second product allowed us to formulate a minimal reaction mechanism for carlactone generation.
Keywords: apocarotenoid; carlactone; carotenoid; carotenoid cleavage dioxygenase; strigolactone Strigolactones (SLs) are a novel class of phytohormones that shape plant's architecture [1] [2] [3] [4] . In addition, SLs are released into soil where they play a crucial role in establishing the symbiosis of plants with mycorrhizal fungi [5] . However, these compounds also induce seed germination of root parasitic plants of the Orobanchaceae family, initiating the parasitic attack of these weeds that cause severe yield losses in different crops [6, 7] .
Strigolactones are carotenoid derivatives, and their biosynthesis (for SL biosynthesis, see Fig. S1 ) involves the two Carotenoid cleavage dioxygenases, CCD7 and CCD8, members of the ubiquitous family of nonheme iron Carotenoid Cleavage Oxygenases (CCOs) [8] . In general, CCOs catalyze the oxidative cleavage of C=C bonds of carotenoids yielding ketone and/or aldehyde product [9] . This leads, inter alia, to the formation of physiologically important compounds, like the opsin chromophore retinal and the phytohormone abscisic acid [8, 10] . SLs originate from a 9-cis-b-carotene that is produced by the carotene isomerase DWARF27 from the corresponding all-trans-configured isomer [11, 12] . In the next step, CCD7 catalyzes the stereospecific cleavage of 9-cis-b-carotene into 9-cis-b-apo-10 0 -carotenal and the volatile b-ionone [11, 13] . This reaction is followed by the direct conversion of 9-cis-b-apo-10 0 -carotenal into carlactone via a sequence of complex reactions [11] , the mechanisms of which are not yet clear in their details. In rice, carlactone is the substrate of the carlactone oxidase (CO) Os900, a CYP (711 clade), which catalyzes repeated oxygenation and ring closures to form 4-deoxyorobanchol (known as: ent-2 0 -epi-5-deoxystrigol), the parent molecule of the orobanchol-like SLs. A second CYP of the same clade, orobanchol synthase (OS, formerly designated as ent-2 0 -epi-5-deoxystrigol-4-hydroxylase) converts 4-deoxyorobanchol into orobanchol [14] . In Arabidopsis, MAX1, a CYP (711 clade), converts carlactone into carlactonoic acid via the intermediate 19-hydroxy-carlactone. Carlactonoic acid can be converted into methyl carlactonoate [15] . Methyl carlactonoate is hydroxylated by lateral branching oxidoreductase into yet unidentified product [16] .
The discovery of carlactone [11] (compound 8 in Fig. 1 ) was a cornerstone in the elucidation of SL biosynthesis, however, the steps leading to this compound are still elusive. Moreover, the reactions converting 9-cis-b-apo-10 0 -carotenal (a C 27 compound) into carlactone (C 19 ) must also concomitantly yield a second product that has not been identified yet. A previously discussed hypothetical mechanism for carlactone formation [11] involves isomerization at positions C 11 -C 14 of the chain in the precursor 9-cis-b-apo-10 0 -carotenal (compound 1, in Fig. 1 ). It relied on the conclusion by Kloer et al. [17] that a related retinal-forming cyanobacterial enzyme [18] binds substrate and subsequently '. . . three consecutive double bonds of this carotenoid changed from a straight all-trans to a cranked cis-trans-cis-conformation' [17] . However, it has been recently shown that this was incorrect [19] , the bound molecule representing a polyoxyethylene detergent. A reevaluation of the initial steps of the CCD8 mechanisms was thus one of the aims of the present study along with the following points: we followed the fate of C-chain segments of the substrate (1) upon product (8) formation using a specific O, we determined the origin of the oxygen atoms in (8) . Furthermore, we identified the second product (9) that results from the cleavage of substrate (1) along with (8) . The results allow the formulating of a minimal mechanism as depicted in Fig. 1 .
Materials and methods
Protein production, enzymatic assays, and extraction CCD7 and CCD8 were produced in Escherichia coli and used for the enzymatic production of carlactone as described previously [11] . These protocols also apply for the extraction procedures, the HPLC analysis of carlactone, and the estimation of substrate concentrations used.
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C-labeling experiments
A micellar suspension of 9-cis-b-apo-10 0 -carotenal, produced enzymatically as described [11] , was incubated in the presence of PsCCD8 (Pisum sativum CCD8) in a volume scaled up to 2 mL for 3 h at 28°C in H 2
16
O and bubbled with 18 O (Campro Scientific) and incubated for 3 h at 28°C. For the 13 C-labeling of carlactone, 9-cis-11-13 C-b-apo-10 0 -carotenal was incubated with PsCCD8 in the presence of the respective micellar suspension of the substrate in a volume scaled up to 2 mL.
Mass spectrometry
18
O-labeled carlactone (8; Fig. 1 ) was analyzed on a Thermo Scientific LTQ Orbitrap XL instrument as described [11] . The identification of x-OH-(4-CH 3 )heptanal (9), the second product formed from the incubation of 9-cis-b-apo-10 0 -carotenal with PsCCD8 was achieved after derivatization with O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine (PFBHA).
The incubation was performed in a total volume of 200 L and stopped after 6 h by adding 200 lL CHCl 3 :MeOH (2 : 1, v/v) followed by vortexing and sonication. After centrifugation for 1 min at 17 000 g, the organic phase was collected, the extraction repeated, and the organic phases combined. Fifty microliters of an aqueous PFBHA solution (15 mgÁmL À1 ) was added to the organic phase and incubated at 35°C for 2 h of which 5 lL were used for LC-MS analysis with a Q-Exactive mass spectrometer coupled to an UltiMate 3000 UPLC system (Thermo Fisher Scientific, Dreieich, Germany). Sample separation was achieved with a Hypersil Gold 1.9 lm C 18 UPLC column (150 9 2.1 mm) and the solvent system A, 0.1 vol % formic acid in H 2 O and B, 0.1 vol % formic acid in acetonitrile. The flow rate was held constant at 0.5 mLÁmin À1 for one minute at 70% B, followed by a gradient to 100% B within 4 min. Final conditions were maintained for 15 min, followed by re-equilibration to initial conditions. Ionization of apocarotenoids was carried out using atmospheric pressure chemical ionization in the positive mode. Nitrogen was used as sheath and auxiliary gas, set to 20 and 10 arbitrary units, respectively. The vaporizer temperature was set to 350°C and the capillary temperature was at 320°C. The discharge current was set to 5 lA, and NCE to 35 arbitrary units. For data analysis, the 'TRACEFINDER 3.1' software (Thermo Fisher Scientific, Dreieich, Germany) was used.
The LC-MS analysis of carlactone and 13 C-labeled carlactone was performed using the LC-MS system given above. Sample separation was achieved isocratically at a flow rate of 0.4 mLÁmin À1 of 0.1% formic acid in methanol. Ionization of carlactone was carried out using electrospray ionization (ESI) in the positive mode. Nitrogen was used as sheath and auxiliary gas, set to 40 and 15 arbitrary units, respectively. The vaporizer temperature was at 320°C and the capillary temperature at 300°C. The discharge current was set to 5 lA and the NCE was set to 40 arbitrary units. 
NMR analysis
For NMR studies, 800 lg of 9-cis-11-
13
C-b-apo-10 0 -carotenal (1) and 600 lg of purified, biosynthetic carlactone (8) were each dissolved in 500 lL CD 2 Cl 2 . The NMR experiments were done with a Bruker AVANCE III spectrometer operating at a 1 H resonance frequency of 400.13 MHz. The instrument is equipped with a 5 mm dual, broadband probe (BBFO Bruker 'SmartProbe') with a z-gradient coil and using 90°pulse lengths of 10 ls ( 1 H) and 10 ls ( 13 C). Bruker TOPSPIN software (version 3.2, patch level 3; Bruker, Rheinstetten, Germany) was used to acquire and process the NMR data. The measurements were carried out at room temperature (298°K). Simulation of NMR experiments was performed with the Bruker software NMR-SIM (version 5.2.1; Bruker, Rheinstetten, Germany).
For the 1D 1 H experiments, a standard one-pulse experiment (zg) was used, applying 64 transients, a spectral width of 12 p.p.m., a data size of 32K points, a relaxation delay of 5 s, and an acquisition time of 3.41 s. The free induction decays were exponentially weighted applying a line broadening factor of 0.3 Hz prior to Fourier transformation, phasing, and baseline correction.
The 2D
1 H- 13 C-HSQC experiments were carried out applying the gradient-enhanced HSQC experiment with carbon multiplicity editing and echo-antiecho acquisition mode (hsqcedetgpsisp2.2). Eight transients, a relaxation time of 1 s, an acquisition time of 0.21 s, spectral widths of 12 and 220 p.p.m. (in f2 and f1), with 2048 and 128 acquired data points, respectively, were used. Data were processed by zero-filling (to 1024) and linear prediction in f1, and by using shifted squared sine window functions in both dimensions prior to Fourier transformation.
Synthesis of 9-cis-11-
The first step of the synthesis is the conversion of commercially available b-ionone (2; Fig. S2 ) into 13 C-labeled 3-methyl-5-(2,6,6-trimethylcyclohex-1-enyl)penta-2,4-dienenitrile via an in situ Horner-Wadsworth-Emmons (HWE) reaction. After deprotonation of 1-
13
C acetonitrile with one equivalent of lithium diisopropylamide (LDA), the anion formed was reacted with diethyl chlorophosphate to give 13 C-labeled diethyl cyanomethylphosphonate, which was immediately deprotonated by a second equivalent of LDA [20] . The nitrile obtained as a mixture of 2-trans-and 2-cisisomers, was reduced with dibal-H to yield 13 C-labeled 3-methyl-5-(2,6,6-trimethylcyclohex-1-enyl)penta-2,4-dienal. The 2-trans-and 2-cis-isomers were separated by column chromatography to afford the pure 2-cis isomer (3) used in the next step. (3) was reacted with diethyl (3-cyano-2-methyl-2-propenyl)phosphonate in a HWE reaction with NaH as base. The phosphonate synthon was prepared in two steps from chloroacetone, diethyl cyanomethylphosphonate, and NaH as base, followed by an Arbusov reaction with triethylphosphite [21, 22] . The nitrile obtained as a mixture of 2-trans-, 4-trans-, 6-cis-and 2-cis-, 4-trans-, 6-cis-isomers was reduced with dibal-H to the 13 C-labeled 3,7-dimethyl-9-(2,6,6-trimethylcyclohex-1-enyl)nona-2,4,6,8- (1) by rotation around the C 12 -C 13 bond in step (a). Bonds in green must undergo cleavage for the formation of the final product (8) and migrate to oxygen atoms in steps (d) and (f). These migrations are assumed to occur by mechanisms analogous to the Baeyer-Villiger/ Criegee ones [4, [31] [32] [33] [34] [35] [36] [37] .
Step (g) is the final event in which the lactone ring of (8) is formed via elimination of the acidic fragment (9) . Blue circles represent the positions (at C 11 ) of the 13 C-label in the educt (1) and as found in the product (8) ; note the C 11 -R steric configuration of the latter. The stereochemistry of the reactions has been formulated such as to lead to a C 11 -R-configuration in (8) . Thus, and in the 2D representation of the Figure, This bases on the assumption that the reciprocal orientation of active center functionalities and substrate-derived species is similar (conserved) for the two subsequent dioxygenation steps (b) and (e). Note that the C 11/12 to C 21 double bonds in (4) and (5) are in a coplanar configuration, the corresponding part of species (5) being planar. The delocalization of the formed negative charge in (4) contributes to the 'acidification' of the C 14 -H that is assumed to be abstracted by an active center base~B| in step (c). This is the prerequisite for the following rearrangement represented by step (d). (9) represents mesomeric forms of the secondary product (an acidic species) that contribute to the stabilization of its negative charge (estimated pK a % 4) [37] . The 3D representations of the structures (1) to (9) can help visualizing the structural conversions, and are to be found in the Fig. S15 . Note that inverted sequences of oxygenation ((b) and (e)) and rearrangement steps ((d) and (f)) would lead to a product lactone (analogous to 8) linked to a molecule fragment derived from R 2 ; this is illustrated in Fig. S16 .
tetraenal. The 2-trans-, 4-trans-, 6-cis-and 2-cis-, 4-trans-, 6-cis-isomers were separated by column chromatography to provide the pure 2-trans-, 4-trans-, 6-cis-isomer (4) used in the next step. The pure 2-trans-, 4-trans-, 6-trans-, 8-trans-, 10-cis-isomer of 2,7,11-trimethyl-13-(2,6,6-trimethylcyclohex-1-enyl)trideca-2,4,6,8,10,12-hexaenal (5) was obtained via a similar two step strategy and the purification method described for the conversion of (3) to (4), but instead of diethyl (3-cyano-2-methyl-2-propenyl)phosphonate, different diethyl (3-cyano-3-methyl-2-propenyl)phosphonate was used. This phosphonate synthon was first prepared in a three-step sequence [23] . Propionitrile was deprotonated with one equivalent of n-butyllithium at À60°C to form the a-anion that was directly reacted in situ with diethyl chlorophosphate to form diethyl 1-cyanoethylphosphonate. The latter was again deprotonated with a second equivalent of n-butyllithium followed by addition of chloroacetaldehyde. A subsequent Arbuzov reaction with triethylphosphite resulted in the synthon mentioned above. Finally, the pure 13 C-labeled 2-trans-, 4-trans-, 6-trans-, 8-trans-, 10-trans-, 12-cis-isomer (1) was obtained by a standard HWE elongation with diethyl cyanomethyl-phosphonate and NaH followed by a dibal-H reduction and subsequent silica gel purification and crystallization. A scheme for the synthesis is shown in Fig. S2 . The C-HSQC spectrum at 6.92 p.p.m./ 125.9 p.p.m. with a triplet structure in the proton dimension (Fig. S8 ) matching the assignment of 11-CH in (1).
Results and Discussion
Whether CCOs are mono-or dioxygenases remains debated, however, evidence in favor of the latter is mounting [24] . To determine which of the two mechanisms is utilized by CCD8, we incubated 9-cis-b-carotene with Pisum sativum PsCCD7 and PsCCD8 in the a b c O also led to triple 18 O-labeling of (8) . This shows that none of the O atoms in (8) derive from the aldehyde group of the precursor (1) and is fully compatible with CCD8 acting as a dioxygenase in generating carlactone.
The structure of carlactone (8) elucidated previously reveals a truncation by eight C-atoms relative to the educt [11] . For the formulation of a reaction mechanism, the fate of this chain fragment of (1), that is, the identification of the second product, is mandatory. Original attempts to find the presumed ampholytic C 8 moiety (9) (Fig. 2c) . This is the product expected from derivatization of (9), thus confirming its structure.
To identify the segment that yields the lactone moiety of carlactone (8), we synthesized (1) C enrichment of (1*) was confirmed by the NMR spectra presented and discussed in the Supporting Information (Fig. S3-S8 ). The MS 2 spectrum of (8*) produced from (1*) using Arabidopsis thaliana (At) CCD8 is compatible with the presence of one 13 C in the butenolide ring of (8*) (Figs 2b and 1) . This assignment is confirmed by the comparison of the 1 H and 13 C NMR spectra of (8*) with those previously reported for unlabeled carlactone [11] (8) shown in Fig. 3 (see also Figs S9-S13). Essentially complete incorporation of the 13 C-label at C 11 in (8*) is deduced from the NMR spectra of Fig. 3 .
The formulation of a biochemical mechanism as in Fig. 1 is based on the following observations: (i) CCD8 utilizes 9-cis-b-apo-10 0 -carotenal (1) and O 2 as the sole substrates for the synthesis of (8) .
(ii) Carlactone (8) and x-OH-(4-CH 3 )heptanal (9) are the only two products formed. (iii) Two bonds (C 10 -C 11 and C 14 -C 15 ) of the carotenal chain (1) C-HSQC spectrum of (8*). The top traces show expansions of the 1D 1 H-NMR spectra of (8) (a, in blue) and of (8*) (b, in black) with resonance assignments. In the 1 H spectrum of (8*) the resonance of 11-C*H is split into a doublet due to its one bond coupling to the 
) couplings between protons and carbons of (8*). An intense cross peak was observed at 5.97 p.p.m./ 100.7 p.p.m., which was assigned to 11-C*H based on the shifts previously reported for (8) [11] . Due to 13 C decoupling performed in the HSQC experiment, the cross peak appears as a singlet in the 1 H domain corresponding to the central shift position of the large doublet shown in (b). The intensity of this cross peak was much higher than the intensity of the remaining cross peaks deriving from natural abundance 13 C nuclei of (8*). To display these peaks simultaneously, the lower part of the 2D HSQC spectrum was scaled up by a factor of x64. This high intensity gain of 11-C*H is a further proof of the selective (1) is found at the C 11 'diol' bridge position in the butenolide moiety of (8) . (vii) The cis-(or ring) configuration of the C 12 -C 13 double bond in (8) requires the transoid configuration at C 12 -C 13 in the educt (1) to be converted into a cisoid one along the path leading to (8) . (viii) The chemical transformations ought to result in an Rconfiguration at C 11 of (8) [10] . Finally, (ix) CCD8 works on carotenal substrates that are configured either cis or trans at C 9 =C 10 . When trans configured, the reaction yields the canonical CCD single cleavage products b-apo-13-carotenone and a C 9 -dialdehyde [11, 26] , supposedly via a dioxygenase reaction [9] .
The argument outlined under (vii) states that the transoid configuration at C 12 -C 13 in (1) must be converted into a cisoid one (see (a), (2) Fig. 1 ). This involves a simple rotation of the substituents around the C 12 -C 13 bond. Rowan et al. [27] have estimated the barrier for this rotation for the closely related 11-cis-retinal from NMR data. They conclude that it is relatively low and state that 'when bound to the protein opsin to form rhodopsin, retinal could have either conformation about the 12-13 bond'. A similar conclusion is reached by a recent theoretical work [28] . The standard CCD cleavage reaction mechanism [9, [29] [30] [31] [32] ] is supposed to proceed through a dioxetaneinvolving variant as the more likely route [33] . This correlates with theoretical calculations of dioxygenase reaction profiles [31] . Taking into account that CCD8 is capable of catalyzing a standard single-cleavage reaction with the all-trans configured substrate (see ix), it appears reasonable to assume that the same catalytic machinery is also used with the C 9 =C 10 -cissubstrate (1) , that is the 'dioxetane variant'. Since chain cleavage occurs at bonds involving C 14 with both the trans-and the cis-substrate [25] , it appears likely that the initial event in both oxygenations involves an attack by the presumed Fe III -O-O species at C 14 . In other words, with the C 9 =C 10 cis-substrate the attack is at C 14 + C 11 to form the cyclic endoperoxide (3), while with the trans substrate it is at C 14 + C 13 to form a C 13 -C 14 cyclic peroxide [9] . Thus, the selection of the second position of attack in addition to C 14 (C 11 or C 13 ) to form the peroxide is likely determined by the cis-or trans-configurations at C 9 =C 10 of the respective substrate. With (2) the resulting cyclic (endo-) peroxide (3) formed via step (b), Fig. 1 , would be reminiscent of similar ones found within the cyclooxygenase family [34] . The second oxygenation step (e) to form (6) [25] would also occur at the same C 14 -C 11 centers. The formation of the peroxides might proceed via single-electron transfer steps [25, 34, 35] .
The key events in the overall process are the oxidative chain cleavages involving bond migrations that are represented by steps (d) and (f) in Fig. 1 . These can be described as a variant of the well-known Baeyer-Villiger reaction [36, 37] and might proceed via Criegee intermediates [37] . The first rearrangement would be initiated by abstraction of the (acidic) C 14 -H in (3) (step (c)) by an active center base such as with a pK a 6-8 as inferred by Harrison et al. [38] . Interaction of the peroxide with the Fe 2/3+ center or an acid catalyst would assist the reaction, which involves migration of the C 10 -C 11 bond. The second Baeyer-Villiger-type step (f) would proceed analogously and involve migration of the C 14 -C 15 bond. Formation of the final product carlactone (8) requires formation of the butenolide ring by a transesterification reaction at the stage of (7), step (g).
The driving force for the formation of the lactone ring of (8) is assumed to be due to the expulsion of (9) , an extensively conjugated x-OHaldehyde that should be a good leaving group. This species should be quite a strong acid with a pK a % 4 [39], which compares to an estimated pK a > 12 for the postulated, geminal alcoholate (7). The corresponding DpK ≥ 8 would yield a 'driving force' of > 10 kcal for the ring closure reaction. It should also be noted that CCD8 catalysis of the 'cis-reaction' (with respect to C 9 =C 10 , that is, with (1)) is % 10-fold faster than the reaction with the C 9 =C 10 'trans-substrate' [11] . This suggests that the machinery of CCD8 is set-up for dioxygenase and Baeyer-Villiger-type catalysis, the second being the preferred one and effective only for C 9 =C 10 'cissubstrates', presumably for steric reasons.
Finally, we would like to emphasize that the reaction scheme presented in Fig. 1 should be viewed as a minimal hypothesis. Variants involving different sequences of some steps or proceeding via radical intermediates and adducts are conceivable, but cannot be addressed in the present context. RvdS synthesized the labeled apocarotenal. SA-B, SG and PB analyzed the data. SG proposed the CCD8 mechanism. SA-B, PB, MB and SG wrote the manuscript. 39 
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